Cowden syndrome (CS) is an autosomal dominant disorder that predisposes to breast, thyroid, and other epithelial cancers. Differentiated thyroid carcinoma (DTC), as one of the major component cancers of CS, is the fastest rising incident cancer in the USA, and the most familial of all solid tumours. To identify additional candidate genes of CS and potentially DTC, we analysed a multi-generation CS-like family with papillary thyroid cancer (PTC), applying a combined linkage-based and whole-genome sequencing strategy and identified an in-frame germline compound heterozygous deletion, p.
Introduction
Cowden syndrome (CS, [MIM 158350] ) is an autosomal dominant disorder that predisposes to female breast cancer, differentiated thyroid carcinoma (DTC) and other cancers (1) (2) (3) . The syndrome is difficult to recognize clinically because of the protean and variable manifestations of its broad phenotype (2) and remains under-diagnosed. Similar to many cancer syndromes and relevant to clinical practice, identifying clear predisposition genes in CS with associated gene-specific cancer risks can significantly impact risk assessment, genetic counseling and gene-informed surveillance and clinical management for the patients and their families.
Germline mutations in the phosphatase and tensin homolog deleted on chromosome ten (PTEN, [MIM 601728]) tumour suppressor gene were found in up to 85% of CS cases defined by the strict International Cowden Consortium criteria in familial and exaggerated cases (4) . Over the last two decades, CS and PTEN have served as useful models not only for gene-informed risk assessment and management for the inherited cancer syndrome but also for sporadic malignancies with somatic PTEN and associated signalling pathway abnormalities.
In a recent prospective series comprising over 3000 community-accrued probands, 25% of classic CS individuals were found to carry germline PTEN mutations (3) . When individuals have features of CS but do not meet full criteria, they are referred to as CS-like and necessarily represent a heterogeneous group of potentially heritable cancer disorders. Only 5% of CSlike individuals have germline PTEN mutations (3). Thus, other predisposition genes must exist for PTEN mutation-negative CS/ CS-like individuals and families. We reported previously that autosomal-located mitochondrial complex II genes SDHB/C/D (collectively SDHx, SDHB [MIM: 185470], SDHC [MIM: 602413], and SDHD [MIM: 602690]) variants account for up to 8% of CS/CS-like individuals without germline PTEN mutations (5, 6) . Individuals with SDHx variants have significantly higher lifetime risks of developing breast cancer or thyroid cancer compared to PTEN mutation carriers (5, 6) . In addition to PTEN and SDHx, we also uncovered an alternative mechanism, namely germline hypermethylation (epimutation) of the tumour suppressor KLLN (encoding KILLIN, [MIM: 612105]), accounting for up to one third of PTEN mutation-negative CS/CS-like (7) . Germline KLLN hypermethylation is associated with a 250-fold decrease in KLLN expression and increased risks of breast and renal cancers over those with PTEN mutations, but not thyroid cancer (7) . More recently, germline gain-of-function mutations in PIK3CA (MIM: 171834) and AKT1 (MIM: 164730), which are downstream of the PTEN signalling pathway, were identified in 11% of PTEN/SDHx/ KLLN mutation/alteration-negative CS/CS-like individuals (8) . However, even after accounting for all potential candidate genes identified so far, still almost half of CS/CS-like individuals with clear clinical phenotype, especially cancers, do not have identified genetic risk factors. The lack of genetic aetiology confers a major challenge for molecular diagnosis, risk assessment and genetic counseling for patients and makes gene-specific predictive testing impossible. We therefore sought to identify additional genetic aetiologies for CS/CS-like disorders, focusing on DTC-predisposition, by applying a combined family-based whole-genome sequencing strategy.
Results
Germline USF3 compound heterozygous deletion in a multi-generational CS-like family with PTC
We analysed a PTEN mutation negative multi-generation CS-like family (1617) with PTC as its major malignancy (Fig. 1A) . Of nine available individuals, seven are siblings and all were diagnosed with PTC in the presence of other CS features, while the mother and a paternal cousin were unaffected. The pathology report on tumour tissue from affected research participant II-8 (who was eventually found to carry the compound heterozygous USF3 deletion) confirmed bilateral PTC, with multifocal distribution, extracapsular extension in the lower right thyroid lobe, as well as metastasis to two out of three adjacent small lymph nodes. Segregation analysis together with whole-genome sequencing fine mapping revealed a 3-basepair (bp) in-frame deletion c.4416_4418delGCA/p.Gln1472del (resulting in the deletion of one glutamine, which we will hereinafter refer to as del1Q) in the USF3 found only in affected individuals (II-1, II-3 and II-4) but not in an unaffected (I-3) individual. We then confirmed the deletion through visual inspection using the IGV, and additionally found another 9-bp c.4410_4418delGCAGCAGCA/p.Gln1470_Gln1472del deletion (resulting in the deletion of three glutamine residues; del3Q) common to all four family members (Fig. 1B) . We subsequently Sanger sequenced the germline DNA from all nine family members by cloning the Q deletion region, confirming the compound heterozygous deletion p.
[Gln1472del];[Gln1470-Gln1472del] (del1Q/3Q) in all seven affected family members, while unaffected I-3 (mother of the affected siblings) only carries the del3Q allele, and unaffected II-9 (paternal cousin of the affected siblings) only has del1Q (Fig. 1C) . rs10606566 (c.4416_4418delGCA, p.Gln1478del) and rs112313093 (c.4410_4418delGCAGCAGCA, p.Gln1476_Gln1478del) have both been reported in the 1000 Genomes Project database without frequency information. None of the variations were noted in 6500 exomes from the National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project (see Web Resources) (9) . rs10606566 has also been reported to exist somatically in one of 20 breast carcinoma samples in the Catalogue of Somatic Mutations in Cancer (COSMIC, see Web Resources) database (COSMIC1484461) (10) . However, both variants were reported in another database including various disease-specific and population genetic studies-Exome Aggregation Consortium (ExAC, see Web Resources). In ExAC, rs10606566 and rs112313093 have minor allele frequencies as 0.4 and 0.3 respectively.
Variations called out from the mitochondrial genome were identical in all four family members with whole-genome sequencing data and regardless of disease status. The same applied to CNVs in shared genomic regions.
USF3 compound heterozygous poly-Q deletion identified in other unrelated CS individuals
Of 90 previously enrolled unrelated PTEN mutation-negative CS/ CS-like individuals with CC score above 5 (score surrogate indicating CS phenotypic burden) (11) , who have available exome or whole genome sequencing data, 26 (29%) harbored the USF3del1Q/3Q compound heterozygous deletion. Of 29 non-CS patients (have other disease, but irrelevant to CS), 7 (24%) also harbored this compound del1Q/3Q alteration, similar to what we can estimate based on ExAC database. In addition, by both cloning-Sanger sequencing and Light Scanner methods, we scanned 40 in-house normal controls but none of them carried del1Q/3Q. Among the 90 PTEN mutation-negative CS/CS-like individuals, the proportion of del1Q/3Q is positively correlated with an increasing CC score (p < 0.001), suggesting its association specific to CS phenotypes and with an increasing phenotypic burden in the context of CS (Supplementary Material, Table S1 ).
USF3 status in TCGA THCA dataset and thyroid cell lines
Because papillary thyroid cancer is the major malignant phenotype of the 1617 family, we also examined USF3 status in the TCGA thyroid cancer (THCA) dataset, in which papillary histology is the main subtype. Notably, 138 (27%) of 497 individuals were found to carry germline (ascertained from sequencing data of peripheral blood-derived DNA samples) USF3del1Q/3Q, while only 2 (0.4%) had the del1Q/del3Q exclusively in the tumours at the somatic level. Overall, thyroid tumour samples showed significantly decreased USF3 mRNA expression levels I   II   III   1  2  5  4  3  8  7  6   1  2  5  4  3  9 Table S2 ). Among these, seven thyroid cancer cell lines, two had USF3del1Q/3Q, including the only papillary line BCPAP and a squamous carcinoma line SW579. In contrast, none of the follicular cancer cell lines FTC236, FTC238, WRO, nor the medullary cancer cell line TT had the del1Q/3Q. Compared to thyroid cancer cell lines, neither the four breast cancer cell lines (BT549, MCF7, ZR-75-01, and ZR-75-30) nor the three nonmalignant 'normal' thyroid, breast, or kidney cell lines, respectively (NThy-ori 3-1, MCF10A, HEK293T) showed the USF3del1Q/3Q.
Enhanced migration and EMT signature after USF3 knockdown
To investigate the functional impact of USF3 deletions, we first used siRNA to knock down USF3 expression in vitro to represent the loss of USF3 expression in tumour tissues observed in the TCGA THCA dataset. We selected HEK293T line and Nthy-Ori 3-1 thyroid line to represent non-malignant cells that do not have the USF3del1Q/3Q background, and 8505C thyroid cancer line as our malignant representative with USF3del3Q background. Interestingly, after USF3 knockdown ( Fig. 2A) , among all the cellular phenotypes we examined, including proliferation, apoptosis, migration, and clonogenicity, an enhanced migration phenotype was consistently observed in HEK293T, 8505C, and Nthy-ori 3-1 cell lines (Fig. 2B) . Since increased migration without apparent proliferation can be a cellular phenotype of EMT, we next looked at the EMT marker expression profile with the hypothesis that loss-of-function of USF3 could affect EMT. Supporting our hypothesis, we observed increased mRNA expression of mesenchymal markers SNAI1 and TWIST2 after USF3 knockdown (Fig. 2C) . Because PTEN-related CS results in dysfunctional downstream signalling of the PTEN pathway, we decided to look at two PTEN-downstream readouts after USF3 knockout. Interestingly, we observed consistent upregulated MAPK and slightly upregulated AKT signalling, indicating at least one shared canonical pathway (Fig. 2D) . In order to test if USF3-mediated EMT is involved in RAS-MAPK-AKT-induced pathway, we checked the RAS activation status in our shUSF3 cells. However, activated RAS expression was similar between shNT and shUSF3 cells (Supplementary Material, Fig. S2 ), suggesting that loss-of-function of USF3 may serve as an alternative and RAS-independent activating mechanism for EMT.
USF3del1Q/del3Q expression results in consistent increased migration and an EMT signature
We overexpressed USF3del3Q in HEK293T cells, which endogenously carry a single USF3del1Q allele (ie, WT/del1Q), to mimic the compound heterozygous deletion (del1Q/del3Q) seen in CS/ CS-like individuals. Similar to our observations in USF3 knockdown cells, we observed increased migration in USF3del3Q-overexpressing del1Q cells as well as increased SNAI1 and TWIST2 EMT marker expression ( Fig. 3A and B) . To ensure the phenotype was not induced by overexpression of USF3 nonspecifically, but rather as a specific consequence of the USF3del1Q/ 3Q compound deletion, we compared USF3del3Q-overexpressing cells to USF3del1Q(only)-overexpressing cells. The activated MAPK signalling and EMT signature appear to be specific to the USF3del1Q/3Q scenario, whereas both the P-MAPK levels and EMT marker profile were unchanged in USF3del1Q(only)-overexpressing cells and empty vector transfected controls ( Fig.  3C and D) .
Oncotic/necrotic-like features with abnormal mitochondrial ultrastructure after USF3 knockdown Transmission electron microscopy (TEM) can be a powerful technique to document subcellular structural changes that may result from cellular processes such as apoptosis or autophagy. TEM images of HEK293T cells with USF3 knockdown showed swelling in mitochondria or substantial loss of definition of the mitochondrial cristae (Fig. 4A , pointed by arrows), in contrast to the compact mitochondrial cristae structure in siNT HEK293T cells. As swollen mitochondria represent one of the major characteristics of necrotic cells, as opposed to cell shrinkage in apoptotic cells, we further investigated if loss of USF3 could lead to cell necrosis given that we did not observe significant changes in cell apoptosis. Indeed, by distinguishing apoptotic and necrotic cells, we observed more cells marked with the 'necrosis probe' in stable knock-down shUSF3 cells compared to shNT cells ( Fig. 4B overlapping of red-necrosis and blue-nuclear staining, pointed by arrows), but negligible apoptotic cells in both (green staining).
Another direct measurement of mitochondrial health is the mitochondrial membrane potential (MMP). Mitochondrial depolarization is indicated by a decrease in the red/green fluorescence intensity ratio (JC-1 dye), and is dependent only on the membrane potential and not on other factors such as mitochondrial size, shape, and density that may influence singlecomponent fluorescence signals. Compared to shNT cells, shUSF3 cells showed significantly higher JC-1 red-green ratio indicating mitochondrial hyperpolarization (Fig. 4C ).
Loss of USF3 impairs mitochondrial metabolism and enhances glutamine usage for cell survival
We subsequently measured cellular bioenergetics and glycolysis profile on live shNT and shUSF3 NThy-ori 3-1 cells to assess any potential impact on overall respiratory capacity and glycolytic function. shUSF3 cells showed a significant drop of basal respiration, representing decreased ATP production (Fig. 5A, left panel) . Interestingly, compared to shNT cells, shUSF3 cells also showed higher non-mitochondrial respiration. However, we did not observe an obvious difference in glycolytic function between these cells (Fig. 5A , right panel). We next examined the metabolic nutrient supply that shUSF3 cells rely on. shNT and shUSF3 cells did not show any growth or survival differences under serum starvation conditions, regardless of the presence of glucose or glutamine in culture medium ( 
USF3 knockdown cells are sensitized to the endoplasmic reticulum (ER) stress
A recent study suggested EMT could sensitize cells to ER stress (12) . Therefore, we sought to address our hypothesis that altered USF3 associated with EMT could be sensitive to ER stress induction. Both shNT and shUSF3 cells were treated with DMSO as a mock control or two compounds known to induce ER stress, thapsigargin (ER Ca (Fig. 6B) . These observations prompted us to investigate the endogenous ER stress response and unfolded protein response (UPR) in both HEK293T and NThy-ori 3-1 cells. All UPR markers (PDI, PERK, eIF2a, Bip, Ero1-La) showed reduction at baseline level in NThyori 3-1 shUSF3 cells compared to shNT cells but not in HEK293T cells (Fig. 6C) . These results correspond and may explain the differential cell survival responses due to ER stress induction in HEK293T and NThy-ori 3-1 cells. Epithelial marker E-Cadherin decreased in HEK293T shUSF3 cells whereas mesenchymal marker Vimentin dramatically increased in NThy shUSF3 cells, an observation which is consistent with the observed enhanced EMT signature (above).
Discussion
In this study, we discovered a compound heterozygous deletion in a rarely studied gene, USF3 with an interesting polyglutamine (polyQ) repeat in a subset of heritable CS/CS-like and sporadic PTC. The overall loss of USF3 expression was observed in sporadic thyroid tumour tissues, especially the subset of tumours with germline del1Q/3Q (TCGA data). We show that loss of USF3 leads to activation of MAPK, and possibly AKT, similar to loss-of function of one arm of canonical PTEN signalling. Of note, we also show that USF3del1Q/3Q mediates MAPK activation followed by an enhanced EMT signature and increased migration, suggesting an important role for USF3 in carcinogenesis.
It is interesting to note that the frequency of either del1Q alone or del3Q alone is common in the general and disease population, as reported in the ExAC database, yet absent in the NHLBI exome cohort and our in-house controls. It is noteworthy that the proportion of patients harboring germline del1Q/3Q increases with Cowden-phenotype disease burden. Taken together with our functional data consistent with cellular phenotypes of neoplasia, our overall observations suggest that the compound heterozygous del1Q/del3Q is associated with CS- phenotypes. Furthermore, these genetic data in the context of our glutamine and glucose data also suggest a set-up for geneenvironment interactions: in the absence of a permissive environment, individuals with del1Q/del3Q may have subtle to no CS-type phenotypes (recall that CS individual features are difficult to recognize because in of themselves, can occur individually in the general population); when exposed to a certain permissive environment, del1Q/del3Q could ultimately lead to CS. The function of the upstream transcription factor family member 3 gene, USF3 (previously known as KIAA2018), has not yet been recognized. It is predicted to contain a basic helixloop-helix (bHLH) domain (Supplementary Material, Fig. S4 ), a protein structural motif typical and characteristic of the transcription factor family (13, 14) . USF3 paralogs such as MAX (MIM: 154950) and USF1/2 (MIM: 1549523 and 600390) also have bHLH domains. USF1/2 harbor a DNA-binding E-box motif that also appears as an upstream cis-acting PTEN regulatory element that can be deleted in CS (15) . It is worth noting that germline mutations in MAX, along with SDHx, have been associated with hereditary paraganglioma/pheochromocytoma (MIM: 168000, 601650, 605373, 115310, 171300), considered a metabolic neoplasia syndrome, with overlapping clinical features with CS such as a higher risk for renal cell carcinoma and PTC (16) . The similarity of USF3 to MAX and USF1/2 at the sequence level may imply shared transcriptional regulatory function and warrants future investigation in that regard.
Even though the role of polyQ in the USF3 has never been elucidated before, there are at least nine inherited neurodegenerative diseases well known to be caused by an expansion (in contrast to deletion in our current report) of unstable polyQ repeats in various disease proteins, including those associated with Huntington disease (MIM: 143100), spinocerebellar ataxia (MIM: 164400, 183090,183086, 164500, 607136), spinobulbar muscular atrophy (MIM: 313700), and dentatorubropallidoluysian atrophy (MIM: 125370) (17) . According to the Genotype-Tissue Expression (GTEx) database, USF3 expression levels in normal human tissues are highest in cerebellum and skeletal muscle (Supplementary Material, Fig. S5 ), tissues with high demand for energy, while relatively ubiquitous in other tissue types, including thyroid tissue. On the other hand, the deletion of trinucleotide repeats are not well studied but previous epidemiology studies showed correlation of the deletion of trinucleotide repeats with human ovarian and prostate cancer (18, 19) . Germline mutations in the same gene, with opposing functional consequences and causing completely unrelated phenotypes, have been previously demonstrated. Recent examples involve genes that are vital to energy production. For example, homozygous or compound heterozygous mutations in genes encoding mitochondrial complex II (succinate dehydrogenase, SDH) cause Leigh syndrome (MIM: 256000), an early-onset progressive neurodegenerative disorder, whereas germline heterozygous mutations in one of the 4 SDHx's are associated with heritable pheochromocytoma/paraganglioma syndromes (20) . Similarly, homozygous or compound heterozygous mutation in FH (MIM: 136850), encoding fumarate hydratase, which is the next catalytic step after SDH, results in infant-onset lethal neuropathy; in contrast, germline heterozygous FH mutations result in hereditary leiomyoma-renal cell carcinoma syndrome (MIM: 150800) (21, 22) . Our findings here demonstrate a different role for polyQ deletions in carcinogenesis, at least in the context of the USF3.
We observed that USF3 knockdown associates with altered mitochondrial ultrastructure and an oncotic/necrotic-like cellular phenotype, as well as compromised mitochondrial respiratory capacity. It has been shown that ATP synthase (mitochondrial complex V) inhibition by oligomycin prevents proton passage through the enzyme inducing mitochondrial membrane hyperpolarization, which also results in mitochondrial swelling (23) . Furthermore, oxidative stress generated by mitochondrial dysfunction can also promote migration and stimulate MAPK-mediated necrosis (24, 25) , thus setting up a feedback-signalling network. We also show that the addition of glutamine confers upon cells with loss of USF3 that are also deficient in mitochondrial respiratory capacity an even greater survival advantage. Our observations corroborate accumulating evidence supporting a metabolic shift toward glutamine that promotes cancer cell survival and growth (26, 27) , especially the unexpected role of glutamine in cells with reduced mitochondrial function (28) .
RAS-RAF activation is well documented in sporadic PTC, and is known to trigger the MAPK-SNAI-EMT signalling cascade (29, 30) . While we observed that USF3-knockdown was accompanied by MAPK-SNAI-EMT signalling, we also demonstrated no RAS activation. Thus, we postulate that USF3 might function in parallel with RAS in the context of inducing the EMT program (Supplementary Material, Fig. S6 ). However, the precise mechanism of whether this occurs through its predicted transcriptional regulation or other yet undiscovered function, will need further study. EMT involves a series of changes whereby epithelial cells disassemble their junctional structures, express mesenchymal proteins, remodel their extracellular matrix, lose polarity, and eventually become more migratory. Epithelial cancer cells use this property to enhance their invasive and metastatic potential and render them more resistant to apoptotic signals. Accordingly, cells within the invasive front of human thyroid cancers have gene expression changes consistent with EMT when compared to cells in the central part of the tumour (31) . In addition, loss of E-cadherin (a hallmark of EMT), as we seen with USF3 dysfunction/loss-of-function, is a marker of progression from differentiated to undifferentiated thyroid cancers (32) . In support of our observation, TCGA thyroid cancer dataset showed USF3 expression is negatively correlated with SNAI1 and SNAI3 (with no impact in SNAI2), negatively correlated with TWIST1/2. At the protein level, both phosphorylated MAPK1 and MAPK3 at amino acid T201-Y204 are up-regulated, but not pAKT1/2/3. These concordant results further strengthen our hypothesis that USF3 may be involved in the regulation of EMT signalling.
Equally relevant to potential targeted treatment, USF3 dysfunction-mediated EMT could sensitize cells to ER stress, perhaps in a tissue-specific manner. The majority of previous studies focused on its reverse signalling, ie, that ER stress induces EMT and autophagy (33) ; in contrast, a recent report revealed that EMT can sensitize cells to ER stress by activating the PERK-elF2a axis of the UPR (12) . In our present study, this sensitization seems to be due to the loss of the endogenous ER stress response/UPR signalling although it remains unclear how the loss of/altered USF3 could lead to the loss of ER stress response/ UPR.
Overall, our study uncovers a unique role of a poorly studied USF3 in cell migration regulation and associated signalling pathways. Loss of USF3 facilitates cross-talk of EMT signalling and mitochondrial dysfunction, therefore creating a microenvironment favouring tumour progression. When found in the germline, our observations suggest that USF3 dysfunction participating in carcinogenesis in the context of cancer predisposition may be amenable to gene-environment interactions, a phenomenon that is often postulated in heritable cancer but without functional hints.
Importantly, we show glutamine-dependent survival and sensitivity to ER stress in USF3-deficient cells suggests an accessible therapeutic window, whether in sporadic cancer therapeutics or as a preventative adjunct in cancer predisposition syndromes dependent on similar mechanisms.
Materials and Methods

Research participants
CS or CS-like individuals were prospectively enrolled in accordance with our research protocol IRB8458-PTEN, which was approved by the Cleveland Clinic and respective Institutional Review Boards for Human Subjects Protection. All research participants provided written informed consent. To be enrolled in the IRB8458-PTEN, eligible individuals must meet the full CS diagnostic criteria established by the International Cowden Consortium (Supplementary Material, Table S3 ) or the relaxed criteria (full criteria minus one) according to version 2006 National Comprehensive Cancer Network (NCCN) Guidelines (34) . Patients meeting the relaxed criteria are referred to as individuals with CS-like phenotypes or CS-like. In other words, CSlike was diagnosed when an individual did not fully meet the strict diagnostic criteria but had features with one or two criteria short of the operational diagnostic criteria. Matching the subjects, normal (population) controls were from Northern and Western European origin and were made anonymous prior to banking and analysis.
Genomic DNA extraction
Germline genomic DNA was extracted from peripheral blood samples from CS/CS-like and healthy individuals by the Genomic Medicine Biorepository (GMB), Genomic Medicine Institute, Cleveland Clinic (protocols are available at GMB website, see Web Resources).
Whole genome SNP array and sequencing analysis
Genome-wide SNP array was performed using Illumina HumanOmni2.5 BeadChip (Illumina, San Diego, CA) containing 2.5 million markers, for all nine members of 1617 family. Copy number variation (CNV) was called out by CNV partition plug-in in the Beadstudio software. SNP genotyping data were exported to PLINK (35) and non-parametric linkage analysis was done by MERLIN software package (36) . Shared genomic segments among all affected individuals were collected for whole-genome sequencing analysis (Supplementary Material, Fig, S7A and B) .
Germline DNA from individuals I-3, II-1, II-3 and II-4 from family 1617 were subjected to whole-genome sequencing, as previously described (37) . Briefly, paired-end libraries with 100-bp sequencing were prepared and genome sequencing was performed on an Illumina HiSeq2000 instrument. Next generation sequencing data have been deposited in the NCBI Sequence Read Archive (SRA) under accession number SRX1942054.
An in-house pipeline was used to align reads against the hg19 genome build (GRCh37) and to call single-nucleotide variants and small insertion/deletions (indels). The alignment and quality score recalibration were performed using BurrowsWheeler Aligner (BWA) and the Genome Analysis Toolkit (GATK, see Web Resources) according to GATK best practice (38, 39) . Targeted regions were sequenced to an average depth of 34x, with 98% of the regions covered by 1x and 96% covered by 10x
(Supplementary Material, Fig.  S7C ). Common polymorphisms (with reported frequency of >1%) were removed by comparison with dbSNP135, the 1000 Genomes Project database using ANNOVAR (40) (see Web Resources) and a proprietary database of exomes from in house non-CS individuals. All variants were manually inspected using the Integrative Genomics Viewer (IGV, see Web Resources) (41) . The accession numbers for naming mutations in USF3 sequences reported in this paper is NM_001009899.3.
Mutation analysis by LightScanner and sanger sequencing
Genomic DNA was analysed using high-resolution melting LightScanner technology (BioFire Defense, Salt Lake City, Utah), which detects nucleic acid sequence variations, by changes in the melting curve. Primers to amplify the USF3 mutation region were designed using LightScanner Primer Design software (Supplementary Material, Fig. S8 ). Genomic DNA was amplified using primers flanking the USF3 poly-glutamine region and StrataCloned (Agilent, Santa Clara, CA) into E. coli competent cells. At least eight colonies were selected for each whole-cell PCR reaction and Sanger sequenced to observe allelic deletion status.
For all next-generation sequencing data available to us, the USF3 p.Gln1472del and USF3 p.Gln1470-Gln1472del were observed with the wild type (WT) allele. Please note that USF3-Gln region cloning followed by Sanger sequencing did not show any WT colonies, suggesting that bacterial cells incorporating the WT-Q region clone did not survive (which is a common genedependent phenomenon).
Cell lines and culture conditions
Human immortalized lymphoblastoid cell lines (LCLs) derived from peripheral blood were generated by the Genomic Medicine Biorepository, Genomic Medicine Institute, Cleveland Clinic (protocols are available at GMB website, see Web Resources). 
Plasmid transfection
Non-targeting siRNA (siNT) and a pool of 4 USF3 siRNA (siUSF3) were commercially obtained (GE Dharmacon, Lafayette, CO), optimized and transfected into HEK293T, 8505C, and Nthy-ori 3-1 cells respectively with Lipofectamine 3000 transfection reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). USF3 mRNA expression was evaluated by qPCR to confirm knockdown efficiency at different time points. Human USF3 cDNA was cloned into pCDNA and non-targeting shRNA control (shNT) was purchased from Sigma-Aldrich. USF3-del1Q-GFP, USF3-del3Q-GFP, vector-GFP, shUSF3, and shNT plasmids were transfected into HEK293T cells using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific). Fresh medium was replaced 6 h post transfection. USF3-del1Q-GFP, USF3-del3Q-GFP, vector-GFP transfected cells were observed under a fluorescent microscope to confirm the transfection efficiency, and sorted by flow cytometry for the qRT-PCR experiment. While shUSF3 and shNT transfected cells were confirmed by qPCR on USF3 mRNA expression and selected by puromycin to generate stable cell lines.
Wound-healing migration assay
Cultured cells were seeded in 12-well plates to reach a 100% confluent monolayer and scraped with a p10 pipette tip to create a straight line 'scratch'. Debris was removed by washing the cells with 1 ml of the growth medium. First images at time 0 scratch were taken under a phase-contrast microscope and the reference position marked outside of the captured image field. Cells were incubated at 37 C for 8-18 h and examined periodically. Post incubation images of the scratch area, located using the reference point were taken. For each image, the distance between one side of the scratch and the other was measured and quantified using Adobe Photoshop at three different locations, in each of three different representative images for each time point. The relative migration is measured by the distance of each scratch closure by comparing the images from time 0 to the last time point.
RNA extraction and quantitative reverse-transcription-PCR
Total RNA was extracted from cultured cells using the GeneJET RNA Purification Kit (Thermo Fisher Scientific) according to the manufacturer's protocol, and subsequently treated with Turbo DNase (Thermo Fisher Scientific). DNase-treated total RNA was reverse-transcribed into cDNA using SuperScriptIII (Thermo Fisher Scientific), as specified by the manufacturer. Quantitative PCR was performed on a LightCycler 480 system (Roche Diagnostics Corporation, Indianapolis, IN) using the TaqManV R primer-probe ready mix for USF3, and GAPDH as an endogenous loading control (Thermo Fisher Scientific). 
Protein analysis
JC-1 mitochondrial membrane potential measurement
Mitochondrial membrane potential can be monitored with the dual emission potentiometric dye tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazol-carbocyanine iodide -JC-1. JC-1 fluorescence ratio detection was carried out following the manufacturer's protocol (Cell Technology, Fremont, CA). In brief, the cell suspension was centrifuged and resuspended in 1x JC-1 reagent, followed by 15 min incubation at 37 C in a 5% CO 2 incubator. After incubation, cell pellet was collected and washed with 1x assay buffer twice before resuspension for assay.
Triplicates of each cell suspension were transferred to a black 96-well plate and measured within the red (excitation 550 nm, emission 600 nm) and green fluorescence (excitation 485 nm, emission 535 nm) regions using a fluorescence plate reader. The ratio of red to green fluorescence is decreased in dead cells and in cells undergoing apoptosis compared to healthy cells.
Necrosis and apoptosis staining
Necrotic, apoptotic, and healthy cells were stained using Apoptotic/Necrotic/Healthy Cell Detection Kit (PromoKine, Heidelberg, Germany) according to the manufacturer's instruction. Briefly, cells were washed with 1X binding buffer followed by staining with FITC-Annexin V, Ethidium Homodimer III, and Hoechst 33342. After 15 min of incubation at room temperature, cells were washed three times and observed under fluorescent light using FITC, Texas Red, and DAPI filter sets. Green fluorescent plasma membrane staining identifies apoptotic cells, while necrotic cells are identified by a red fluorescent nuclear staining. Late apoptotic cells may show green and red staining. All cell nuclei are stained blue.
Seahorse metabolic profiling
The oxygen consumption rate (OCR, pmol/min) and extracellular acidification rate (ECAR, mpH/min) were measured using XFe24 Extracellular Flux Analyzers from Seahorse Bioscience (North Billerica, MA) following the manufacturer's protocol. Briefly, the cells were seeded at a density of 50,000 cells/well (minimum of five parallels for each treatment) in a 24-well plate and incubated overnight. Before running the assay, the cells were re-suspended in Seahorse assay medium, and the drugs from the XF Cell Mito Stress test kit (Seahorse Bioscience) were added: oligomycin (1 mM), FCCP (1 mM) and rotenone/antimycin A mix (1 mM). The data were analysed by XFe Wave software (Seahorse Bioscience).
TCGA dataset analysis
Whole genome and/or exome sequencing (WGS/WES) .bam files were obtained through the Cancer Genome Atlas (TCGA) project via download from Cancer Genomics Hub (see Web Resources). Germline data were generated by TCGA obtained from peripheral blood. From the .bam sequence files, USF3 reads were extracted using SAMtools (39) . The bam2fastq software was used to revert these aligned sequences to fastq format (see Web Resources), which were then realigned against hg19 reference genome using bowtie2 (44) and the pileup file was generated using SAMtools. From the pileup file, variants were called using bcftools and inspected through the Integrative Genome Viewer (IGV) (45) .
The gene expression analysis from the TCGA dataset was based on IlluminaHiSeq_RNASeqV2 'rsem.gene.normalized_re-sults' files downloaded from TCGA's Data Portal, in which RNAseq reads were quantified by upper quartile normalized RSEM count estimates.
Statistical analysis
Statistical analysis was carried out using SPSS (IBM SPSS Statistics for Macintosh, Version 21. Armonk, NY: IBM Corp) with raw or adjusted (as appropriate) significance indicated at p < 0.05.
Web resources
